Abstract. The LHCb (Large Hadron Collider beauty) experiment is designed to perform high precision measurements of B-meson decays. The construction and installation of the LHCb detector was finished early summer 2008, followed by intensive testing and commissioning of the system in order to be ready for the first data taking. Despite the forward geometry of the LHCb detector over 1 million cosmic events were collected and in addition beam dumps during the LHC synchronisation tests provided very useful data. These data allowed for first calibration and spatial alignments of several subdetectors. This note describes the alignment procedure and its underlying mathematics and will give results of the first spatial alignment of the tracking system done with the collected data.
Introduction
At the Large Hadron Collider (LHC), protons will collide at an energy of √ s ≈ 14 TeV. The bb cross section at this energy is expected to be σ bb ∼ 0.5 mb. The LHCb detector is designed to operate with an average luminosity of 2 × 10 32 cm −2 s −1 , one year of running corresponds to ∼ 10 12 bb pairs produced in the spectrometer which makes the LHC collider an ideal facility to study B-meson decays. Given that the bb pairs are mostly produced in the forward and backward direction, the LHCb detector has been conceived as a forward spectrometer. It is designed to reach excellent performance in precision measurements of specific B-meson decays in order to resolve small CP asymmetries. However, such precision measurements can only be achieved with a well calibrated and aligned spectrometer. For that, a very accurate determination of the relative position of the subdetectors to each other (global alignment), as well as an internal alignment of components of the subdetectors (local alignment) is necessary. Local alignment parameters are obtained by survey measurements and by track based alignment algorithms, whereas the latter ones give the most accurate results and can optionally use the survey data as input. A global alignment, however, can only be achieved with tracks traversing the whole detector. Last years commissioning of the detector comprised the collection of data from dumped proton beams and the measurement of cosmic muons. Both data types allow for a local alignment of subdetectors. The Vertex Locator (VELO) [1] and the Inner Tracker (IT) [2] , both covering a rather small area around the beam pipe, are calibrated using beam dump events, whereas the large Outer Tracker (OT) [3] can be aligned with tracks of muons from cosmic showers. 
Магнит
Магнит позволяет получить большой интеграл поля 4 Тм на относительно небольшой длине. Поле направлено вертикально и достигает в максимуме 5 Figure 1 . The LHCb detector layout showing the Vertex Locator (VELO), the dipole magnet, the tracking system with TT and the main tracking stations T1-T3, two Ring Imaging Cherenkov detectors (RICH) [6] , the Scintillating Pad Detector (SPD), the Preshower (PS), the Electromagnetic (ECal) and Hadronic Calorimeter (HCal) [7] and the Muon Stations M1-M5 [8].
The LHCb experiment
The LHCb detector [4] is designed as a single arm spectrometer (see Figure 1 ) with a 4Tm dipole magnet [5] and subdetectors for tracking, particle identification (PID) and muon track reconstruction. The spectrometer covers an acceptance of 10-300 mrad in x direction and 10-250 mrad in y direction. VELO and the tracking system placed downstream of the magnet consisting of IT and OT are described here since these are aligned with the collected data.
Vertex Locator: The VELO consists of two retractable halves placed close to the beam axis around the interaction point. They are positioned 8 mm close to the beam during stable running conditions. Each halves comprises 21 silicon strip modules of R and Φ sensors with a pitch of 40 − 100 µm, measuring the radial and azimuthal coordinates (figure 2). The design precision for reconstructing primary vertices is 10 µm in the transverse and 60 µm in the parallel direction to the beam axis. However, this accuracy implies the determination of O(500) alignment parameters for the detector [9] . Main Tracking System: The tracking is complemented with the TT located upstream, and the IT and OT placed downstream of the magnet. TT and IT are both silicon strip detectors covering an area close to the beampipe, whereas the OT reconstructs the particle trajectories in the outer part. Each of the three tracking stations (T1-T3) consists of four IT and four OT layers in a 'xuvx' arrangement. The x layers are vertically orientated and provide precise measurements of particle trajectories in x direction, the bending plane of the magnet. The u and v layers are rotated by −5 • and +5 • with respect to the y axis and provide information in The tracking system allows to measure the momentum of charged particles with a precision of 0.4% and provides the impact parameter with a resolution down to 14 µm.
The Alignment Formalism
The mathematical principle of the alignment algorithm is presented in this section. The alignment procedure is a minimization of a total χ 2 . The definition of the residual and the χ 2 is given, discussing a linear problem, i.e. a straight line fit. Any nonlinear problem, however, can be treated the same way after being linearized, e.g., with the Newton-Raphson approach. Assuming a measurement x m is associated with a theoretical prediction x p of the measured parameter, e.g., the prediction of the position of a hit in the detector using a track model. The difference between prediction and measurement is called the residual r and can be expressed as
where a denotes the vector of parameters of the prediction, e.g., the offset and slope of the track, and d the vector of the partial derivatives
of the i-th parameter. By summing over the squared residual of each measurement j and normalizing it with the variance of the measurement σ 2 j , one gets
For the alignment, there are two different vectors of parameters, namely the vector for the track parameters and the vector for the alignment parameters. Since the track parameters are different for each track, they are called local. The alignment or global parameters on the other hand are the same for each track. The minimization of the χ 2 with respect to local and global parameters simultaneously requires the solution of a large linear system, with a size proportional to the number of tracks. To reduce the complexity, a set of normal equations can be calculated that explicitly only contains the global parameters and implicitly the information of the local parameters [10] , leading to the expression 
The matrix Γ includes the complete information of the local parameters and therefore all correlations between the tracks and the global parameters ∆. The vector β as well contains both local and global information (e.g. see [10] ). By inverting Γ the alignment parameters are determined in one single step, no iteration is required. In LHCb two different implementations of the χ 2 minimization are applied. One based on the Millepede [10] algorithm using a standalone track fit, the other based on the standard LHCb track fit algorithm [11, 12] . Both algorithms a capable of fitting tracks bend in a magnetic field, the latter one includes multiple scattering corrections. Both implementations give comparable performances, the IT results presented in this note are obtained with the algorithm using the standard LHCb track fit, the parameters for VELO and OT are determined with the Millepede based approach.
The alignment cycle
An alignment cycle, as Sketched in Figure 4 , starts with reading the raw data and closes with the determination of the alignment parameters. In case nonlinear degrees of freedom have to be determined, e.g. pattern recognition effects, or a non-linear measurement model (Eq. 1), several alignment cycles have to be executed iteratively until a stable minimum of the χ 2 is found. The first step in running the alignment is the pattern recognition which is accomplished using the default algorithm of the LHCb software framework. Each track is refitted with a robust χ 2 track fit, and the alignment matrix is set up considering correlations between track and alignment parameters. Finally, the matrix is inverted, the alignment constants and their errors are obtained and stored in the new geometry database. If necessary, a subsequent alignment cycle can be processed using the updated database.
Vertex Locator alignment
Protons from the LHC injection line stopped at a beam dump ('TED') at the entry point of the LHC ring provide a large flux of nearly parallel particles in LHCb. In two periods in August and ). This is expected because ∼ 90% of the used clusters are one strip clusters. The 2006 Test Beam resolution will be reached after optimization of the thresholds for each strip and time alignment.
Alignment of the main tracking system
The first alignment of the main tracking system is done using TED data (see Section 5) for the IT and cosmic muon data for the OT. Hardly any cosmic muon traverse the IT because of its relatively small acceptance, therefore it could only be aligned with TED data. The occupancy in the detector was ∼ 20 times larger the occupancy expected for normal LHCb running conditions. This leads to a high rate of wrongly reconstructed tracks (∼ 10%) giving large tails in residual distributions (Figure 7) . In total 800 tracks are used for the IT alignment that is done stepwise. First the alignment of the boxes in x and y direction and in the rotation around the z axis (= angle γ) is performed, followed by the Figure 6 . The resolution of the track residuals for (a) the R sensors and (b) the Φ sensors matches the binary resolution. This is expected since ∼ 90% of the clusters are one strip clusters.
layer alignment in x and γ. Finally shifts of the ladders in x are determined. Figure 7 shows the improvement of the unbiased track residuals in a ladder of station T2. Before alignment, the mean of the fitted Gaussian is shifted to +30 µm and the width of the core Gaussian is σ core ≈ 120 µm. These values improve significantly after alignment with σ core ≈ 96 µm and a mean at 3 µm. The alignment of the OT is done using 20k reconstructed tracks of cosmic muons. The statistics allow to resolve possible shifts in the main measurement direction, the z direction and rotations around the z axis. By reconstructing the tracks without drift time information the constants obtained are independent of a complete detector calibration. The improvement on the residuals' mean of each module due to the software alignment can be seen in Figure 8 is expressed in the two dimensional space drift-time relation shown in Figure 9 . The distance between the fitted track and the wire inside a straw is called distance of closest approach and plotted on the x axis. The y axis shows the drift time measured with the time to digital converter (TDC). As the alignment improves the precision of the measurements the shape of the function becomes considerably narrower. An additional confirmation of the algorithm's performance is shown by comparing the software results with survey measurements. These measurements determined the z positions of elements of the OT which are called C-frames. Each frame is a supporting structure for two layers. Since the survey measures the position of frame 1 and 5 to be at z = (0 ± 0.5)mm, the two corresponding layers were constrained to the same positions in the software. The alignment was done for each layer, therefore 12 layer parameters have to be compared to six C-frame parameters, Figure 10 . The alignment parameters agree perfectly with the survey within the accuracy of the survey measurement.
Conclusion
After finishing the construction and installation of the LHCb detector early summer 2008, over 1 million cosmic events were collected with the spectrometer. Additional data were provided by beam dumps during the LHC injection tests. Events of the dumped beam were measured with the VELO and were used to align its modules in x and y direction. The results show that the modules are, as expected, in steady positions inside the vacuum vessel and prove the stability of the alignment software. Using data from cosmic muons, shifts and rotations of the OT modules were determined. The obtained constants improved the track parameters and therefore the space drift-time calibration significantly. In addition the successful confirmation of survey parameters were shown. The alignment software is ready for first beam data.
